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The aim of the present study was to explore the cerebral substrates of episodic memory
disorders in Alzheimer’s disease (AD) and investigate patients’ hyperactivations frequently
reported in the functional imaging literature. It remains unclear whether some of these
hyperactivations reﬂect real increased activity or deactivation disturbances in the default
mode network (DMN). Using positron emission tomography (15O-H2O), cerebral blood
ﬂow was measured in 11 AD patients and 12 healthy elderly controls at rest and during
encoding and stem-cued recall of verbal items. Subtractions analyses between the tar-
get and control conditions were performed and compared between groups. The average
signal was extracted in regions showing hyperactivation in AD patients versus controls in
both contrasts.To determine whether hyperactivations occurred in regions that were acti-
vated or deactivated during the memory tasks, we compared signal intensities between
the target conditions versus rest. Our results showed reduced activation in AD patients
compared to controls in several core episodic memory regions, including the medial tem-
poral structures, during both encoding and retrieval. Patients also showed hyperactivations
compared to controls in a set of brain areas. Further analyses conducted on the signal
extracted in these areas indicated that most of these hyperactivations actually reﬂected
a failure of deactivation. Indeed, whereas almost all of these regions were signiﬁcantly
more activated at rest than during the target conditions in controls, only one region pre-
sented a similar pattern of deactivation in patients. Altogether, our ﬁndings suggest that
hyperactivations inAD must be interpreted with caution and may not systematically reﬂect
increased activity. Although there has been evidence supporting the existence of genuine
compensatory mechanisms, dysfunction within the DMN may be responsible for part of
the apparent hyperactivations reported in the literature on AD.
Keywords:Alzheimer’s disease, episodic memory, deactivation, medial temporal lobe, hippocampus, hyperactiva-
tion, compensatory mechanisms, functional imaging
INTRODUCTION
Episodic memory supports the encoding,storage,and retrieval of
speciﬁcpersonallyexperiencedevents,situatedintheirspatiotem-
poral context of acquisition (Tulving, 1995). The impairment of
this memory system often predominates in the clinical picture of
Alzheimer’sdisease(AD)andisconsideredasacorediagnosiscri-
terion (McKhannetal.,2011).Giventhecrucialroleof themedial
temporallobe(MTL)inepisodicmemory,notablythehippocam-
pus, the deﬁcit of this memory system in AD is not surprising.
Indeed, neuropathological abnormalities, especially neuroﬁbril-
larytangles,accumulateearlyinthisregionandinduceaneuronal
loss (Duyckaerts et al., 2009). Hence, the hippocampal region is
regarded as one of the earliest cerebral structure affected by the
pathological process (Braak and Braak, 1991) and its atrophy is
part of the diagnosis biomarker support (McKhann et al., 2011).
As pointed out by cognitivo-metabolic correlation studies (Des-
granges et al., 1998; for review, see Salmon et al., 2008), the
functional disturbance of this limbic structure is highly linked
to the patients’ episodic memory deﬁcit. This approach has also
highlightedotherregionsresponsibleforepisodicmemorydeﬁcits
in the earlier stages of the disease, such as the posterior cingulate
cortex (Chételat et al., 2003).
Task-related functional brain imaging techniques have been
used to further investigate the substrate of episodic impairment
in AD. In a recent meta-analysis, comprising 14 functional imag-
ing studies of episodic memory inAD,Schwindt and Black (2009)
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reported a bilateral hippocampal hypoactivation during informa-
tionencodinginADpatientscomparedtoelderlycontrols.During
retrieval, no MTL activations were detected in the patient group,
unlike the healthy elderly group. This MTL disturbance has been
related to AD patients’ weak memory performances (Golby et al.,
2005; Celone et al., 2006; Diamond et al., 2007), as well as their
gray matter loss within the hippocampus (Garrido et al., 2002;
Rémy et al., 2005).
BesidesMTL,episodicmemoryissubtendedbyawidenetwork,
including prefrontal and parietal cortices (Cabeza and Nyberg,
2000; Spaniol et al., 2009). These regions are also affected by the
neuropathological processes of AD and show functional abnor-
malitiesduringepisodicmemorytasks.SchwindtandBlack(2009)
reported dorsal,rostral,and medial frontal hypoactivations inAD
patients,aswellasinthesuperiorparietallobuleandtheprecuneus
duringencodingand/orretrieval.Hence,ADischaracterizedmore
by a functional alteration of episodic memory networks than an
isolated deﬁcit in a particular region (Schröder et al., 2001).
Alongside these different functional disturbances,AD patients
also show hyperactivations relative to healthy subjects dur-
ing episodic memory tasks, mainly in fronto-temporal and
fronto-parietal regions during encoding and retrieval respectively
(Schwindt and Black, 2009). These hyperactivations have been
interpretedeversincetheearlieststudies(Beckeretal.,1996;Bäck-
man et al., 1999) as reﬂecting compensatory mechanisms, imple-
mented to cope with the neuropathological process. This hypoth-
esis is supported by positive correlations found between episodic
memory performances and prefrontal activity during episodic
memory tasks (Rémy et al., 2005; Diamond et al., 2007) and neg-
ative correlations between hippocampal atrophy and prefrontal
activity during retrieval (Garrido et al., 2002; Rémy et al., 2005).
Thus, an increasing prefrontal activity may partially compen-
sate hippocampal atrophy and be beneﬁcial for episodic memory
functioning.
Functional imaging during episodic memory tasks has also
enabledtorevealadeactivationdysfunctioninAD.Theconceptof
deactivation has been introduced to give an account of the higher
activity in some brain regions during rest, or passive task con-
ditions, than during constrained cognitive activity (Mevel et al.,
2011). These brain areas appear to be more engaged during rest
and to deactivate during task performance. These deactivations
probably allow reallocation of processing resources toward cere-
bral regions involved in the task (Rombouts et al., 2005). They
consistently occur within a network of functionally connected
regions,namedthedefaultmodenetwork(DMN),whichincludes
prefrontaldorsalandventralmedialregions,posteromedialcortex
(posteriorcingulate,precuneus,andretrosplenialcortex)andinfe-
rior parietal areas. Compared to controls, AD patients show less
deactivation in this network, especially in medial parietal areas,
during episodic memory processes (Celone et al., 2006; Petrella
et al., 2007; Pihlajamäki et al., 2010). As MTL hypoactivations,
DMN dysfunction may give an account of AD episodic memory
performance deﬁcits (Celone et al., 2006; Petrella et al.,2007).
Thus, despite some evidence of compensatory mechanisms
in AD, it remains unclear whether the observed hyperacti-
vations are genuine or reﬂect this deactivation disturbance.
Indeed,lowerdeactivationinDMNregionscouldinducepatients’
hyperactivation in subtraction analyses,as less deactivation repre-
sents more activation. However, it is unlikely that this functional
alterationwouldreﬂectcompensatorymechanismsasDMNdeac-
tivations play an important role in efﬁcient memory processes
(Daselaar et al., 2004). To clarify this issue and to identify the
cerebral substrates of memory impairment in AD, we conducted
a positron emission tomography (PET) study in AD patients and
elderly subjects,during both encoding and cued-recall in episodic
memory,whichhasseldombeenperformedinAD.Ourstudyalso
included control conditions with a semantic demand, to focus
our analysis on episodic memory processes, as well as four rest-
ing conditions to obtain accurate resting cerebral blood ﬂow. By
using rest as a reference, we wished to evaluate the degree of acti-
vations during target and control conditions in hyperactivated
regions in AD and determine if they represent a real increase in
activity.
MATERIALS AND METHODS
Eleven newly diagnosed patients with probableAD (seven women
and four men; mean age 77.4±3.4years) were recruited at the
University Hospital of Caen. All patients underwent standard
neurological and neuropsychological examinations. Patients were
selected according to NINCDS-ADRDA criteria (McKhann et al.,
1984),attestingof probableAD.Theydidnotpresentotherneuro-
logic pathology or psychiatric antecedent. In order to ensure they
couldachievethememorytaskunderthetomograph,aminimum
score of 19 at the MMSE (Folstein et al., 1975) was required. This
restricted the inclusion to patients at a relatively early stage of the
disease. Patients MMSE mean was 24.3 (±3.3). At the time of the
experiment, no patient was taking any medication likely to inﬂu-
ence the cognitive state or cerebral blood ﬂow and all were right
handed (Edinburgh Handedness Inventory) and French native
speakers.
Twelve healthy elderly subjects (six women and six men; mean
age 59.1±2.5years) also participated in our study. They were
signiﬁcantly younger than the patients (p <0.001). They were
screened to rule out the presence of medical, psychiatric, or
neurological disorders. All were unmedicated, had no memory
complaint and had a normal T1- and T2-weighted magnetic reso-
nance imaging (apart from changes expected with normal aging).
In order not to select elderly subjects with incipient dementia,
only those with high scores on the Mattis Dementia Rating Scale
(MADRS; Mattis,1976) were included (mean=141.25±2.9).
All subjects were informed of experimental general modalities
and gave their written consent before participating. The research
program was approved by the Regional Ethic Committee and the
study was in accordance with Helsinki declaration.
EXPERIMENTAL DESIGN
Theexperimentaldesignhasalreadybeenusedinyoung(Bernard
et al., 2001) and healthy elderly subjects (Bernard et al., 2007).
The control group of the present study includes the same subjects
as in Bernard et al. (2007), but image preprocessing and analyses
differ. Our design is composed of 12 consecutive scans (injections
of H2O15) sustained by each participant during a single PET ses-
sion. Each scanning session comprises ﬁve different conditions,
each replicated twice (except for the resting condition which is
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repeated four times). Each condition lasts 2min and the whole
experiment lasts 2h and 30min.
Encoding
To pinpoint brain areas supporting intentional encoding,two dis-
tinct tasks were contrasted: a reading task (baseline) in which 24
differentwordswerereadsilentlyandanintentionalencodingtask
(target)inwhichsubjectswereexplicitlyinstructedtoreadsilently
and memorize 24 words. In order to prevent covert memorizing
during the reading task, this condition was deliberately placed at
the beginning of the scanning session. In addition, subjects were
unawareof theaimof thestudy(memoryexperiment),whichwas
presented as a vocabulary one. Acknowledging the risk of order
effects, this choice was dictated by the constraints of our para-
digm and represents the best possible compromise in attempting
to control cognitive strategies. Finally, to further prevent implicit
memorizing, subjects were instructed to count backward for 60s
after each scan involving the reading condition, by 3 for healthy
elderly subjects and by 1 for patients. Prior to the intentional
encoding task, subjects were informed that they had to memo-
rize the words. During both conditions, items were sequentially
presented in lower case, for 4s each, on a computer screen. One
second separated the presentation of two stimuli. The four lists
of words used in the intentional encoding and reading conditions
were matched for word frequency and word length (between 4
and 10 letters), and were counterbalanced across subject groups.
To cancel out brain regions involved in semantic processing in the
subtractionanalysis,subjectswereinstructedinbothconditionsto
makealiving/non-livingjudgmentregardingeachword,bypress-
ing on one of two possible buttons of a response pad. Half of the
words presented referred to living objects.
To reinforce encoding, a second intentional encoding (out
of camera – not recorded) was added only for patients. Placed
before cued-recall, it enabled them to optimize their chances to
subsequently retrieve information.
Retrieval
To identify the cerebral areas supporting episodic memory
retrieval, two conditions were contrasted: a stem-cued recall task
(target) and a stem-completion task (baseline). In the stem-cued
recalltask,subjectswereinstructedtorecallaloudthewordsstud-
iedduringtheintentionalencodingtask.Theywereshownthetwo
ﬁrst letters of the words (bigrams), presented in a random order.
The stem-completion task consisted in completing bigrams, dif-
ferent from those used during the stem-cued recall task, with the
ﬁrst word coming to mind and beginning with the two letters
shown. During each task, 24 bigrams (in lower case) were pre-
sentedsequentiallyonacomputerscreenfor4seach,separatedby
a 1-s interstimulus interval.
All stimuli were displayed in white against a black background,
on a monitor placed behind the tomograph. The stimuli were
shown to the subject using a mirror positioned above the head.
Rest
During the four resting scan sessions, subjects were instructed to
relax, keep their eyes closed, and not focus their mind on any
precise thought.
Scanning sequence
Due to the constraints imposed by the reading condition, the ﬁve
conditionswerepresentedinﬁxedorder:rest–reading1–reading
2 – intentional encoding 1 – (second intentional encoding 1 for
AD patients) – stem-cued recall1–s t e m - c o m p l e t i o n1–r e s t–
intentional encoding 2 – (second intentional encoding 2 for AD
patients) – stem-cued recall2–s t e m - c o m p l e t i o n2–r e s t–r est.
DATA ACQUISITION
Subjects were scanned while lying supine in a dimly lit and quiet
room. A black tent was hung around the PET scanner to ensure
total darkness. The head was gently immobilized in a dedicated
head-rest. Head position was aligned transaxially to the orbito-
meatal line with a laser beam. Measurements of regional distri-
bution of radioactivity were performed with an Siemens ECAT
HR+PET device with full 3D volume acquisition allowing the
reconstruction of 63 planes (thickness 2.4mm; axial ﬁeld-of-view
158mm; effective resolution is ∼4.2mm in all directions). Trans-
mission scans were obtained with a 68Ge source prior to emission
scans. The duration of each scan was 90s. About 7mCi H2O15
were administered as a slow bolus in the left antecubital vein by
meansof anautomatedinfusionpump.Eachexperimentalcondi-
tion started 30s before data acquisition and continued until scan
completion.Thisprocesswasrepeatedforeachof the12scans,for
a total injected dose of ∼80mCi. The interval between injections
was 7min 40s. The position of the head was controlled with the
laser beam prior to each injection.
DATA ANALYSIS
Imaging data were pre-processed and analyzed using the SPM5
software(statisticalparametricmapping,http://www.ﬁl.ion.ucl.ac.
uk/spm). Each reconstructed PET image was realigned and spa-
tially normalized using the MNI [15O] PET template. To account
forwithin-andbetween-subjectvariationsinglobalcerebralblood
ﬂow, the value of each voxel was scaled by the mean gray matter
value of the corresponding image, extracted using a mask from
our database. A Gaussian ﬁlter with a 12-mm FWHM was then
applied to smooth each image to compensate for intersubject dif-
ferences and increase the signal-to-noise ratio. T-statistic maps
were generated (p <0.005 uncorrected, k =50 voxels) in a ﬂexi-
ble factorial design allowing to model subject effect. We kept only
the clusters also present at a more stringent threshold (p <0.001
uncorrected). First, to explore cerebral regions associated with
episodic memory encoding, we subtracted reading from inten-
tional encoding maps [corresponding to the contrast (intentional
encoding – reading)]. This contrast enabled us to dismiss cerebral
structures involved in reading and semantic processes. Second,
to study brains areas associated with episodic memory retrieval,
we subtracted stem-completion from stem-cued recall imaging
maps [corresponding to the contrast (stem-cued recall – stem-
completion)].Thisallowedustoremovecerebralregionsinvolved
in oral production in order to isolate those associated with item
retrieval in episodic memory. These contrasts were conducted
for both within- and between- group analyses. Moreover, a con-
junction analysis was performed on both contrasts [(intentional
encoding–reading)and(stem-cuedrecall–stem-completion)]to
identify brain areas commonly activated in bothAD and controls.
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An inclusive mask was used (p <0.05 uncorrected) to ensure that
between group activation differences were effectively located in
regions activated by the group for the given contrast. For instance,
wemaskedthecontrast[(intentionalencoding NC –reading NC)–
(intentional encoding AD – reading AD)] with the (intentional
encoding NC – reading NC) image to restrict the results to brain
areas activated by healthy elders during information encoding.
To further investigate the nature of the activation differences
between patients and healthy subjects, we performed region of
interest (ROI) analyses focused on cerebral regions showing sig-
niﬁcant between group differences. We extracted the mean signal
for each region in each individual pre-processed image. A mean
value per ROI was obtained by extraction from individual non-
smoothed images. All values from a same condition were then
averaged, combining the values of the two acquisitions for the
targetconditionsandthefouracquisitionsoftherestingcondition.
Given that the aim of this study was to investigate the nature
of the hyperactivations in patients, the activation proﬁles of these
regions were assessed in both patients and controls. More pre-
cisely, we compared the activation intensity during rest to the
ones during target (intentional encoding and stem-cued recall)
and control (reading and stem-completion) conditions. We used
the non-parametrical test of Wilcoxon to perform intra-group
comparisonsandthenon-parametricaltestof Mann–Whitneyfor
inter-group comparisons. For all ROI-based analyses, the Statis-
tica software was used and results were considered as signiﬁcant
when p <0.05.
RESULTS
BEHAVIORAL RESULTS
For the stem-cued recall task under the tomograph, patients and
controlsretrievedonaverage11(±8.14)and20.25words(±6.08),
respectively.Thedifferencebetweenthetwogroupswassigniﬁcant
(Mann–Whitney test; U =24; p <0.01).
IMAGING RESULTS
Intentional encoding versus reading
Intra- and inter-group results for intentional encoding minus
reading are depicted on the Table 1.
Intra-group results. During encoding,AD patients activated the
left middle frontal gyrus, medial frontal gyrus, and anterior cin-
gulate cortex compared to reading. Some temporal regions (right
middle and transverse gyri) and parietal (right inferior lobule
and posterior cingulate cortex) were also more activated dur-
ing intentional encoding than reading. Unlike patients, healthy
elderly subjects showed activations in the right parahippocam-
pal gyrus, extending to the hippocampus. Other activations were
found in left frontal (precentral, middle and superior gyri, and
anterior cingulate cortex) and parietal (superior parietal lobule
and precuneus) areas.
Inter-group results. Inter-group analyses highlighted hypoacti-
vations, in AD patients, in the right posterior parahippocampal
and hippocampus (see Figure 1A), as well as in the left ante-
rior cingulate cortex. Compared to the control group,AD patients
showed signiﬁcantly higher activation in the medial frontal gyrus,
anterior cingulate cortex, and inferior parietal lobule of the right
hemisphere (see Figure 2A). The conjunction analysis did not
show any regions of common activation between the two groups.
ROI analyses results. The results of the ROI analyses, focused
on regions showing more activation in AD than healthy sub-
jects,are presented on Figure2A. Healthy elderly subjects showed
signiﬁcantly more activation during rest than encoding in the
anterior part of the cingulate cortex (T =13, Z =2.04, p <0.05)
and medial frontal cortex (T =7, Z =2.51, p <0.05). In other
words, both regions were signiﬁcantly deactivated during encod-
inginthecontrolgroup.Incontrast,ADpatientssolelydeactivated
the medial frontal region (T =8,Z =2.22,p <0.05). Inter-group
comparison revealed a signiﬁcant difference in the anterior cin-
gulate cortex (U =32, p <0.05), indicating that the magnitude
of deactivation was higher in control subjects than in patients.
Concerning the comparisons between control (reading) and rest
conditions, differences were only observed in the patient group:
the medial frontal cortex (T =0, Z =2.93, p <0.005) and infe-
rior parietal lobule (T =2, Z =2.76, p <0.01) showed signiﬁ-
cantly more activation during rest than reading. The analyses also
highlighted a signiﬁcant group effect with higher deactivation in
patients than in controls during the reading task in both regions
(medial frontal cortex: U =21,p <0.005; inferior parietal lobule:
U =15,p <0.001).
Stem-cued recall versus stem-completion
Intra- and inter-group results for stem-cued recall minus stem-
completion are depicted on the Table 2.
Intra-group results. Patients showed activations mainly located
in the right frontal lobe (middle and superior gyri) and parietal
regions (right supramarginal gyrus and bilateral posterior cin-
gulate cortex) when stem-completion activations were subtracted
to stem-cued recall activations. Healthy elderly subjects showed
signiﬁcant activations in the bilateral parahippocampal region
(uncus,hippocampus,andamygdala)andabroadrightprefrontal
area (inferior,middle,superior gyri,and medial frontal gyrus). In
addition, control subjects also activated the right anterior insula,
bilateral parietal cortex (left supramarginal gyrus and bilateral
inferior parietal lobe), right cuneus, and left cerebellum.
Inter-group results. Alzheimer’s disease patients presented less
activation than controls in the left parahippocampal gyrus (see
Figure 1B). Patients’ hypoactivations were also observed in the
middle and superior right frontal gyri, and in the left parietal
lobe(inferiorparietallobuleextendingintothesupramarginaland
superior temporal gyri),the bilateral occipital cortex and cerebel-
lum.Incontrast,patientspresentedhyperactivations,comparedto
thecontrolgroup,intherightmiddlecingulatecortexencompass-
ing paracentral and precentral gyri,and in the bilateral precuneus
(see Figure2B). Finally,a cluster in the right middle and superior
frontal gyrus was observed in the conjunction analysis.
ROI analyses results. The results of the ROI analyses are pre-
sented on Figure 2B. The mean signal analyses within AD
hyperactivated regions indicated that the right middle cingu-
late cluster (T =0, Z =3.06, p <0.005), as well as both clusters
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Table 1 | Signiﬁcant activations for intra- and inter-group comparisons for the (encoding – reading) contrast (p <0.005 uncorrected, cluster
extent>50 voxels).
Cluster extent Anatomical region (BA) H Peak coordinates Z-score
xyz
AD PATIENTS
308 Postcentral gyrus (3) L −48 −20 20 4.17
−62 −8 24 3.64
204 Transverse temporal gyrus (41) R 40 −28 10 3.63
Postcentral gyrus (40) R 52 −24 16 3.29
Insula (13) R 36 −28 22 2.9
202 Inferior parietal lobule (40) R 44 −36 44 3.78
50 −36 58 3.52
58 −30 52 2.61
197 Medial frontal gyrus (10) L −6 68 6 3.5
191 Anterior cingulate cortex (32) R 12 40 18 3.91
166 Middle frontal gyrus (10) L −28 54 8 3.76
161 Rectus gyrus (11) R 10 34 −28 3.47
160 Middle frontal gyrus (11) L −24 38 −14 3.66
89 Posterior cingulate cortex (23) B 0 −30 28 3.72
65 Middle temporal gyrus (21) R 60 −4 −4 3.21
NORMAL CONTROLS
311 Superior parietal lobule (7) L −12 −74 56 3.43
Precuneus (7) L −8 −76 38 3.31
−4 −68 44 3.15
141 Middle frontal gyrus (8) L −22 36 40 3.41
113 Middle frontal gyrus (10) L −32 48 4 3.44
101 Anterior cingulate cortex (32) L −14 32 24 3.58
−12 28 32 3.4
90 Parahippocampal gyrus (27) R 22 −34 −8 3.49
82 Lingual gyrus (19) L −22 −64 2 3.96
72 Superior frontal gyrus (10) L −24 56 14 3.23
NORMAL CONTROLS>AD PATIENTS
105 Parahippocampal gyrus (30) R 20 −36 −4 3.28
59 Anterior cingulate cortex (32) L −14 34 22 4.06
AD PATIENTS>NORMAL CONTROLS
193 Medial frontal gyrus (10) R 6 50 −20 4.18
144 Inferior parietal lobule (40) R 50 −36 58 3.9
44 −36 44 3.04
98 Anterior cingulate cortex (32) R 10 42 16 3.19
CONJUNCTION
No signiﬁcant cluster
Coordinates are in MNI space. BA, Brodmann area; H, hemisphere; B, bilateral; L, left; R, right.
in the precuneus (T =5, Z =2.67, p <0.01; T =6, Z =2.59,
p <0.01) showed more activation during rest than during the
cued recall condition in the healthy group. Within the AD
patient group, none of these regions presented signiﬁcant acti-
vation differences between the resting and target conditions.
Inter-group analyses highlighted a signiﬁcant higher difference
between resting and cued recall conditions in controls, compared
topatients,inallthehyperactivatedregions(middlecingulateclus-
ter:U =13,p <0.001;bothprecuneusclusters:U =30,p <0.05).
Withrespecttothestem-completionandrestcomparisons,differ-
ences were only observed in the patient group: the right middle
cingulate (T =3, Z =2.67, p <0.01) and left precuneus (T =7,
Z =2.31, p <0.05) showed a signiﬁcantly higher mean signal
during rest than in the control condition. Inter-group analyses
revealed a signiﬁcant difference in the right middle cingulate
(U =27, p <0.05), with higher deactivation in AD patients than
in healthy subjects.
DISCUSSION
The main objective of this study was to improve our current
knowledge concerning the cerebral substrates of episodic mem-
ory disorder in AD and further explore the hyperactivation
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B A
FIGURE 1 | Medial temporal lobe hypoactivations inAD patients for (encoding – reading) and (stem-cued recall – stem-completion) contrasts
(respectivelyA and B).The color bar indicatesT-values.
phenomenon, frequently reported in the functional imaging lit-
erature. To this end, we compared the cerebral blood ﬂow of
AD patients at a relatively early stage of the disease to healthy
controls during both encoding and retrieval in episodic memory.
Subtractionanalyseswereperformedtohighlightregionsshowing
functionalalterationinAD.Furtheranalyseswerethenconducted
within regions showing hyperactivation in AD to investigate the
nature of these cerebral modiﬁcations. To this end, activity was
comparedwithineachgroupduringtargetandcontrolconditions
versus rest.
FUNCTIONAL DISORDERS WITHIN THE NETWORK SUSTAINING
EPISODIC MEMORY PROCESSES
Our results indicate a functional dysfunction in AD patients in
several brain regions during information encoding and retrieval
in episodic memory. Whatever the process involved, patients did
notpresentanyMTLactivationandthisregionwashypoactivated
relative to controls. This result is congruent with AD functional
imaging literature that consistently reported MTL hypoactivation
duringencoding(Machuldaetal.,2003;Sperlingetal.,2003;Dick-
erson et al., 2005; Golby et al., 2005; Pariente et al., 2005; Rémy
et al., 2005; Celone et al., 2006; Petrella et al., 2007) and retrieval
(Bäckman et al., 1999; Garrido et al., 2002; Grön et al., 2002;
Pariente et al.,2005; Rémy et al.,2005). This functional perturba-
tion during retrieval has been previously related to hippocampal
atrophy (Garrido et al., 2002; Rémy et al., 2005). The presence
of neuropathological abnormalities within this cerebral structure
(Braak and Braak, 1991), as well as the disconnexion with other
brain areas (Delbeuck et al., 2003; Villain et al., 2008), may also
explain this perturbation. Given its core role in episodic memory
(Viard et al., 2007), the dysfunction of the MTL is coherent with
the deﬁcit observed in our AD patients.
In addition to MTL hypoactivation,AD patients showed lower
activation within the left anterior cingulate cortex during encod-
ing compared to control subjects. A similar dysfunction during
encoding has been observed in several functional imaging studies
concerning AD (Stern et al., 2000; Rombouts et al., 2005; Celone
et al., 2006; Petrella et al., 2007). Using an associative learning
paradigm, Petrella et al. (2007) noticed that AD patients showed
signiﬁcantly lower activation in this region compared to patients
with a mild cognitive impairment (MCI),who themselves showed
lower activation than healthy elderly subjects. Moreover, activity
in the medial frontal region was found to correlate with perfor-
mances in healthy elderly, AD and MCI patients (Celone et al.,
2006). The authors showed that the medial frontal and anterior
cingulate cortices are part of a broader network, which does not
present task-related activity, but maintains its activity through-
out the experiment. This result, as well as the role conferred to
the anterior cingulate region in the attentional system (Cabeza
andNyberg,2000),suggeststhathypoactivationinADmayreﬂect
a dysfunction in the modulation of attentional resources during
encoding.
During stem-cued recall, apart from the left MTL (see above),
inter-group analyses mainly showed hypoactivations in the right
middle and superior frontal gyri. Activation in this region was
not only less important but was also less extended in AD patients.
A visual inspection of intra-group results revealed that most AD
patients’ frontal activations overlapped with regions activated by
controls (highlighted by the conjunction analysis), whereas the
reversewasnottrue.Hypoactivationinthisbrainarea,andnotably
in the anterior prefrontal gyrus (Brodmann area,BA 10),was also
mentioned in the meta-analysis of functional imaging studies in
episodicmemoryinAD(SchwindtandBlack,2009).Thiscerebral
structure has a role in the“retrieval mode,”a neurocognitive state
in which subjects maintain an attentional focus on a particular
past episode during retrieval (Lepage et al., 2000). According to
this hypothesis, regions involved in retrieval mode, also known
as REMO sites (REtrieval MOde), are activated regardless of the
efﬁciency of retrieval. Considering our results, the decreasing
recruitment of the right anterior prefrontal gyrus may denote a
deﬁcit in AD patients to reach this retrieval neurocognitive state
and may consequently contribute to their poor performance.
The decreased activation in the inferior parietal gyrus (BA 40)
observed during the stem-cued recall task has also been reported
in AD during retrieval, in the left (Bäckman et al., 1999; Garrido
etal.,2002)andright(Rémyetal.,2005)hemispheres.Thisregion
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FIGURE 2 | Cerebral regions showing hyperactivation inAD
patients compared to normal controls (NC) for
(encoding – reading) and (stem-cued recall – stem-completion)
contrasts (respectivelyA and B). Plots represent the signal change
during target (orange bars) and control (blue bars) conditions relative to
rest in AD and NC groups. More precisely, the orange bars correspond
to the mean intensity of the subtraction target – rest conditions (i.e.,
“intentional encoding – rest” inA and “stem-cued recall – rest” in B)
and the blue bars to the mean intensity of the subtraction control – rest
conditions (i.e., “reading – rest” inA and “stem-completion – rest” in
the B).The units correspond to the mean intensity of the scaled CBF
values in the ROIs. *p <0.05.
isamongtheﬁrstparietalregiontopresentanatrophyandameta-
bolic dysfunction in AD (for review, see Jacobs et al., 2012), this
latter being more important than the gray matter loss (Chételat
et al., 2008). According to the Attention to Memory hypothesis
(AtoM;Ciaramelli et al.,2008) developed in order to explain pari-
etal activations during recall, inferior parietal structures underlie
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Table 2 | Signiﬁcant activations for intra- and inter-group comparisons for the (stem-cued recall – stem-completion) contrast (p <0.005
uncorrected, cluster extent>50 voxels).
Cluster extent Anatomical region (BA) H Peak coordinates Z-score
xyz
AD PATIENTS
413 Posterior cingulate cortex (31) B 0 −40 42 4.43
231 Supramarginal gyrus (40) R 62 −50 28 4.53
215 Middle frontal gyrus (10) R 34 58 2 3.81
Superior frontal gyrus (10) R 26 64 −10 2.96
154 Superior frontal gyrus (8) R 20 22 50 3.68
56 Middle frontal gyrus (11) R 44 52 −10 3.23
NORMAL CONTROLS
1278 Middle frontal gyrus (10) R 38 54 18 5.32
Superior frontal gyrus (10) R 30 64 4 4.25
26 54 4 4.16
801 Cerebellum L −34 −84 −20 4.65
−32 −70 −14 3.84
−42 −60 −34 3.5
305 Inferior parietal lobule (40) R 52 −62 38 4.05
202 Inferior frontal gyrus (47) R 36 22 −18 3.36
Insula (47) R 36 22 −6 3.3
130 Parahippocampal gyrus (28) L −26 2 −28 3.44
118 Inferior parietal lobule (40) L −30 −52 38 3.58
103 Superior frontal gyrus (11) R 20 54 −20 3.62
81 Supramarginal gyrus (40) L −62 −54 30 3.96
74 Middle frontal gyrus (9) R 48 12 40 3.47
67 Cuneus (18) R 14 −74 28 3.17
63 Hippocampus R 30 −8 −26 3.38
NORMAL CONTROLS>AD PATIENTS
347 Parahippocampal gyrus (28) L −24 0 −30 3.91
−32 10 −18 2.69
332 Inferior occipital gyrus (18) L −34 −86 −20 3.58
Lingual gyrus (18) L −34 −70 −14 3.39
Cerebellum L −38 −84 −34 2.82
177 Inferior parietal lobule (40) L −28 −52 36 4.27
Supramarginal gyrus (40) L −36 −48 32 4.19
Superior temporal gyrus (13) L −40 −48 20 3.2
125 Superior frontal gyrus (10) R 38 52 22 3.72
Middle frontal gyrus (10) R 34 60 16 3.27
78 Cerebellum R 4 −50 −20 3.57
61 Middle occipital gyrus (39) R 48 −78 12 3.54
AD PATIENTS>NORMAL CONTROLS
238 Middle cingulate cortex (31) R 10 −24 48 4.42
Precentral gyrus (6) R 14 −20 68 3.69
68 Precuneus (7) L −2 −46 50 3.51
51 Precuneus (7) R 2 −50 52 3.59
CONJUNCTION
124 Middle frontal gyrus (10) R 32 58 4 3.44
Coordinates are in MNI space. BA, Brodmann area; H, hemisphere; B, bilateral; L, left; R, right.
attentional processes during direct retrieval in episodic memory.
More precisely, these brain areas may “mediate the automatic
attentional capture by the recollected memory, which might be
necessary for the memory to enter consciousness, and therefore
be experienced as a memory” (Ciaramelli et al., 2008). Accord-
ing to the authors, its activity is all the more important since
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memories are strong and accompanied by vivid remembering.
Our AD patients’ inability to recruit this region like controls may
consequently compromise the conscious access to their memories
and an effective retrieval in episodic memory.
HYPERACTIVATION NATURE AND DEACTIVATION IMPAIRMENT IN THE
DEFAULT MODE NETWORK
One of the main aims of this study was to clarify the nature of
AD patients’ hyperactivations observed during episodic memory
tasks. Inter-group analysis showed hyperactivation in the right
inferior parietal lobule and anterior medial frontal region during
encoding. Some previous studies already found hyperactivation
in AD in these regions (Gould et al., 2005; Pariente et al., 2005).
Concerning the cued-recall condition,patients showed more acti-
vation than controls in the bilateral precuneus, middle cingulate
cortex, and precentral gyrus. Again, some of these regions have
been previously reported as hyperactivated in AD in episodic
(Gouldetal.,2005;SchwindtandBlack,2009)orautobiographical
(Meulenbroek et al., 2010) memory studies.
To understand the nature of these hyperactivations, we
extracted the mean signal within each of these regions and com-
pared their activity during target (encoding or cued-recall), con-
trol(readingorstem-completion)andrestingconditions.Theﬁrst
comparison(betweentargetandrestconditions)indicatedthatall
oftheseregions(exceptfortheinferiorparietallobule)weresignif-
icantly more active during rest than during the target conditions
in healthy controls. In other words, these areas deactivated dur-
ing episodic memory encoding and retrieval. InAD patients,only
theanteriormedialfrontalregionpresentedasigniﬁcantdeactiva-
tion during encoding. Furthermore, the anterior cingulate cortex
during encoding, as well as the middle cingulate cortex and pre-
cuneus during retrieval, were signiﬁcantly more deactivated in
controls than in patients. Hence, our results indicate that none
of the hyperactivated regions in our AD group were signiﬁcantly
activated relative to rest either in patients or in the healthy group.
The fact that they appeared to be hyperactivated during encod-
ing and retrieval in episodic memory results more from a deﬁcit
in deactivation during the target conditions than a real increased
activity in AD.
Deactivationdisturbanceinsomeof theseregions,especiallyin
the medial parietal regions during recall, is coherent with the AD
literature. Indeed, Petrella et al. (2007) reported a continuum in
the deactivation magnitude in the precuneus and posterior cingu-
latecortexduringencoding.ADpatientsshowedadeactivationof
lowerintensitythanMCIpatients,whothemselvesdeactivatedless
intensivelythanhealthycontrols.Deactivationdysfunctionwithin
these regions has been reported in AD during encoding mem-
ory tasks (Celone et al., 2006), but also during semantic (Lustig
et al., 2003) and working (Rombouts et al., 2005) memory tasks.
A similar disturbance has also been observed in individuals with
genetic risk for AD during incidental encoding (Persson et al.,
2008). The alteration of deactivation in these regions, important
forefﬁcientmemoryprocesses(Daselaaretal.,2004),appearsprej-
udicialtoADpatients’memoryperformances(Celoneetal.,2006;
Petrella et al., 2007). It may ensue from the massive presence of
amyloid plaques in these regions (Sperling et al., 2010) or result
from MTL connection disruption, as magnitude of deactivation
has been related to MTL activation in AD (Celone et al., 2006;
Pihlajamäki et al., 2008). To our knowledge, our study provides
the ﬁrst evidence,although indirect,of a deactivation dysfunction
in AD during episodic memory retrieval.
Regarding the anterior cingulate cortex, the deﬁcit of deacti-
vation of this structure during an episodic memory task would
be more dependent on an aging effect than on the pathology
(Lustig et al., 2003; Gould et al., 2006). Aging is accompanied by
brainfunctionalmodiﬁcations,includingreductionintheactivity
measured at rest and the magnitude of deactivations during task
performance (for a review on DMN in aging and AD, see Mevel
etal.,2011).However,itshouldbenotedthatabnormalitiesinthe
temporal pattern of deactivation in the anterior cingulate cortex
have already been observed in AD during encoding (Rombouts
et al.,2005) and disease effect should not be excluded.
Finally, our ROI analyses also emphasized group differences
during the control conditions (reading and stem-completion)
relative to rest. The medial frontal cortex and the inferior pari-
etal lobule during reading, as well as the right middle cingulate
and left precuneus during stem-completion, showed a signiﬁ-
cant deactivation in patients but not in controls. Additionally,
among these four regions, only the left precuneus did not show
a higher deactivation during the control conditions in patients
compared to controls. These results reveal excessive deactivation
intheseregionsduringthecontroltasksinADpatientswhichalso
accounts for their hyperactivations observed in the subtraction
analyses.
Note that we performed additional analyses (Spearman cor-
relation) to explore the relations between the mean signal in
the ROIs and performances (data not shown). These correla-
tions were performed separately in each group. Among patients,
no signiﬁcant correlation was observed between performances
and the amplitude of activation during target conditions rela-
tive to either the baseline (rest) or the control conditions. This
result highlights that patients’hyperactivations,in addition to not
representing increased activations, are not sustaining their per-
formances. Interestingly, one signiﬁcant negative correlation was
obtained in controls (r =−0.63, p <0.05) in the right medial
frontal gyrus suggesting that higher deactivation during encod-
ing (relative to the reading condition) was associated with better
performances, a result which reinforces our interpretation.
Overall, our results attest of the interest to use resting-state
activityasareferenceconditioninordertobetterunderstandacti-
vation alterations in AD. Disease functional modiﬁcations during
control and target conditions may lead to hyperactivations when
they are subtracted. Nevertheless, these hyperactivations may not
systematically represent increased activity and precautions should
be taken when interpreting such results in terms of compensatory
mechanisms.
LIMITATIONS
We must mention some limitations of the present study, lead-
ing us to moderate our results. First, patients were signiﬁcantly
older than healthy control subjects. Aging is known to be accom-
panied by functional modiﬁcations during episodic memory task
and hypoactivation, hyperactivation and deactivation decreases
have been reported in healthy elderly subjects (for review about
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encoding alteration in aging and AD, see Sperling, 2007). In this
respect,someofourresultsmayattestofanagingeffectratherthan
AD per se, as pointed out for the anterior cingulate cortex deacti-
vation impairment. Nevertheless, we found coherent results with
the currentAD literature and hence believe they mainly reﬂect the
disease effects. Second, we were unable to perform optimal spa-
tial normalization given the absence of anatomical MRIs in some
subjects. This methodological bias may lead to an inaccurate spa-
tial location. We were also not able to correct for partial volume
effect,inherent to the low spatial resolution of PET which induces
acontaminationof cerebralbloodﬂowvaluesbyneighboringvox-
els. This effect, particularly sensitive to small brain regions, could
be exacerbated by atrophic processes present in AD (Mevel et al.,
2007). Yet, our results were located in cerebral regions congruent
with previous studies and hence were unlikely to represent noise.
Finally,it is important to note that some of our subtraction analy-
ses results did not survive a cluster-level threshold of p <0.05 and
part of our ROI results failed to reach signiﬁcance after a Bon-
ferroni correction for the number of comparisons. This lack of
statistical power is likely due to our small sample sizes, as well as
to the properties of PET itself (relatively noisy image, low spatial
resolution...). Future studies must be conducted to replicate our
results and should control for variables likely to inﬂuence func-
tional activity, such as cognitive reserve or task difﬁculty (Gould
et al.,2005,2006; Solé-Padullés et al.,2009).
CONCLUSION
Theaimof thisstudywastofurtherunderstandthecerebralstruc-
tures supporting episodic memory performance inAD and clarify
patients’hyperactivations,frequentlyinterpretedascompensatory
mechanismstocopewiththeneuropathologicalprocess.Inaccor-
dance with the AD functional imaging literature, we observed
functionaldisturbancewithincoreepisodicmemoryareas,partic-
ularly in MTL structures. Our results also suggest a wider episodic
memory network impairment, in terms of both task-related acti-
vations and deactivations. Common activations between controls
and AD patients were only found in a right frontal area during
retrieval which was broader in healthy controls than in patients.
This network disturbance may partially reﬂect the intricacy of
impaired cognitive processes. Notably, the attentional system
could contribute to patients’episodic memory deﬁcits,as its cere-
bral network proved to be disturbed. This study also highlighted
that most AD patients’ hyperactivations actually reﬂected deacti-
vation abnormalities. It remains difﬁcult to evaluate the impact of
thismessagegivenpreviousworkreportedmostlyADhyperactiva-
tionsindorsolateralorventrolateralprefrontalregions,whichwas
not the case here. Thus, although genuine compensatory mecha-
nisms may exist in AD, our work emphasizes the caution that is
necessary to interpret hyperactivations in this way. This kind of
interpretation, easily invoked in the literature, would have been
specious in our experiment.
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